High angular resolution near-infrared (JHK) adaptive optics images of T Tau were obtained with the infrared camera Coronagraphic Imager with Adaptive Optics (CIAO) mounted on the 8. 
Introduction
T Tau has long been identified as one of the brightest lowmass pre-main-sequence objects and, as such, has been considered as a prototype for the T Tauri class of objects (Joy 1945) . Its notable prototypical properties are as follows: (1) A significant infrared continuum excess, thought to be related to the presence of an accretion disk around this million-year-old object (Bertout et al. 1988) ; (2) A bright nebulosity caused by photons scattering off the inner wall of a cavity emptied by a strong polar outflow from T Tau (Stapelfeldt et al. 1998) ; (3) A substantial circumstellar disk resolved by interferometric imaging at radio wavelengths (Akeson et al. 1998) ; (4) A modest interstellar extinction (A V ∼ 1.5mag; Ghez et al. 1991) .
There are, however, several atypical features. Dyck, Simon, and Zuckerman (1982) discovered T Tau S, an infrared companion of T Tau (now called T Tau N) by means of onedimensional near-infrared speckle scanning. T Tau S is located 0. 7 south of the primary T Tau N (Dyck et al. 1982) , or 100 AU away in the projected scale, if we assume a distance of 140 pc to the Taurus dark cloud complex (Elias 1978) . T Tau S has a spectral energy distribution that peaks around 3 µm, making it significantly redder than a normal T Tauri star (Ghez et al. 1991) . It dominates the total flux from the T Tau system at wavelengths longer than 2 µm, which makes its bolometric luminosity about twice as large as that of T Tau N (Stapelfeldt et al. 1998) . Near-to mid-infrared monitoring observations have revealed that T Tau S is variable, up to 2 mag over a few months (Ghez et al. 1991) . Its near-infrared spectrum is featureless around 2 µm at a resolution of R ∼ 760, except for a strong Brγ emission line and a much weaker H 2 v = 1-0 S(1) line (Beck et al. 2001) . Koresko, Herbst, and Leinert (1997) suggested from these unique properties of T Tau S that it is (a) an embedded intermediate-to high-mass protostar, (b) a planetary object embedded in a disk around T Tau N, or (c) a strongly accreting FU Ori-like object, although none of these explain all the observational data. Koresko (2000) further found by speckle holography observations that T Tau S, itself, is a binary system of T Tau Sa and Sb. The binary has a separation of ∼ 0. 05 or ∼ 7 AU. Köhler, Kasper, and Herbst (2000) discovered that the binary separation and position angle vary with time, suggesting that T Tau Sa and Sb are gravitationally bound with an orbital period of 10-20 yr. A recently calculated orbit of the T Tau Sa and Sb pair, based upon 17 astrometric measurements, showed that the orbit has a period of 33 yr and a semimajor axis of 0. 104 (14.6 AU) (Tamazian 2004) . The sum of the masses of T Tau Sa and Sb was found to be (2.82 ± 0.74) M with 2.2 M for T Tau Sa, which was the first direct estimate of the mass for Sa.
Very Large Array observations resolved the T Tau system into two compact components at 2 cm, one coincident with T Tau N and a brighter one close to T Tau S (Schwartz et al. 1986 ). The southern radio component, unresolved in VLBI images (diameter < 0.5 mas; Smith et al. 2003) , was until recently identified as T Tau Sb because it had a proper motion consistent with the orbital motion around T Tau Sa (Johnson et al. 2003; Loinard et al. 2003) , which was not detected in the radio data. The radio source, however, has been found to show an apparently ejected trajectory (Loinard et al. 2003) , and is now called T Tau Sc (Furlan et al. 2003) , not necessarily the same as T Tau Sb.
In order to gain a better understanding of the nature of the T Tau system and its circum-multiple structure, we conducted high-resolution coronagraphic imaging observations in the near-infrared. Coronagraphy is a useful technique to obtain high-contrast images of faint circumstellar matter and companions around a bright central object, such as T Tau (K ∼ 5.53 mag; Beck et al. 2004) . Robberto et al. (1995) , Nakajima and Golimowski (1995), and Weinstraub et al. (1992) previously reported optical and infrared coronagraphic observations of T Tau. These observations were, however, made with relatively large (a few arcsec) occulting masks. In this paper, we present the adaptive optics (AO, Takami et al. 2004 ) coronagraphic images of T Tau obtained with the Subaru Telescope using a mask size of 0. 5-0. 6 in diameter. Observations and data-reduction procedures are described in sections 2 and 3, respectively. The results and discussions are presented in section 4. Section 5 summarizes the conclusions.
Observation
Observations were carried out on 2002 November 20 with the Coronagraphic Imager with Adaptive Optics (CIAO, Tamura et al. 2000) on the 8.2 m Subaru Telescope. CIAO has occulting masks at the focal plane and circular Lyot stops at the pupil plane, both cooled cryogenically. The occulting masks are made of chrome on a sapphire substrate and have a transmittance of ∼ 2%, which enables us to measure the exact position of a masked object. Position adjustments to the center of a mask during observations were performed to obtain longexposure data without any displacement in position. We used an occulting mask with a diameter of 0. 5 and a Lyot stop with 80% of the pupil diameter with the medium-resolution imaging mode of CIAO. While a low-order AO coronagraph does not effectively suppress the halo of PSF, it allows exposure time longer than that of an observation without a coronagraph. This enables us to reduce the effect of any read-out noise, making more efficient use of the observation time. Another incidental benefit of coronagraphy is to reduce optics-induced scattering after the focal plane mask. The pixel scale and the position angle of the 1024 × 1024 InSb array (ALADDIN II) were measured by observations of the Trapezium (Simon et al. 1999) with the same optical configurations for the T Tau observations, and were 0. 0213 ± 0. 0003 pixel −1 and 5.
• 7 ± 0.
• 8, respectively. The field of view was 22 × 22 . The observations were carried out in the J , H , and K bands centered at 1.25, 1.65, and 2.2 µm, respectively. We used T Tau N as an adaptive optics guide star (AO, Takami et al. 2004 ). The sky was clear and photometric, although the seeing was variable.
We obtained 18, 48, and 48 frames for T Tau with 2 s × 5co-adds, 2s×5co-adds, and 1s×10co-adds for the J , H , and K bands, respectively. We imaged SAO 75661 (J band), HD 283567 (H band), and HD 286794 (K band) for PSF reference before and after the T Tau observations with the same configurations. We selected different PSF reference stars for different bands in order to obtain a reference-star magnitude similar to that of T Tau at any observing wavelength. This was necessary because the AO corrected PSF varies with the AO referencestar magnitude. We obtained 4, 16, and 24 frames with 10s × 6 co-adds, 10 s × 6 co-adds and 5 s × 2 co-adds for the J , H , and K band reference stars, respectively. The photometric standard star FS4 (UKIRT catalog) 1 was imaged without an occulting mask in the beginning of the observations. Sky frames were taken after the observations of T Tau. Dome flats and dark frames were taken at the end of the night.
We made additional K band observations on 2004 November 23 with CIAO in order to measure the position of T Tau Sb. The average natural seeing was 1. 0, and an occulting mask with a diameter of 0. 6 was used with AO. The pixel scale and position angle of the detector, measured as in the first run, were (0. 0213 ± 0. 0001) pixel −1 and 1.
• 68 ± 0.
• 27. We obtained 20, 6, and 10 frames for T Tau with 0.5 s × 1 co-add, 0.5 s × 10 co-adds, and 1 s × 10 co-adds, respectively. Neither PSF reference stars nor photometric standard star were observed. Dark frames were taken at the end of the night. Dome flats were taken 1 day before the observations.
Data Reduction
The Image Reduction and Analysis Facility (IRAF) software was used for all data reduction. A dark frame was subtracted from each object frame, which was then divided by the domeflat. Hot and bad pixels were removed and the sky was subtracted. The same reduction sequence was applied for the reference stars.
Although we carried out observations with the AO, the peak-intensity position of the PSF changed slightly during the observations. This was mainly caused by the difference in atmospheric dispersion between the infrared wavelength at which the images were taken and the optical wavelength at which the wave front was measured. We measured the peak position of the reference star PSF with the IMEXAMINE task in IRAF and shifted the images. Since Subaru is an alt-azimuth telescope, and we used an instrument rotator; the position angle of the spider pattern changed with time. The reference star frames were accordingly rotated so that the position angle of the spider would match that of each object frame. We subtracted the reference star PSFs from the object frames in order to visualize the faint structure around the primary T Tau N by eliminating its halo pattern. However, the PSF, especially its width, varied with time as the seeing changed. We thus sorted out all of the object and reference star frames into 3 groups by the widths (FWHMs) of their PSFs. The FWHM boundaries of each categorized group in each band are as follows. The 3 groups in the J band are FWHM > 0. 15, group the reference star PSFs were averaged and the resultant PSF was scaled so that the average count at its halo (radius > 0. 4) matched that of each object frame in the same group. The scaled reference star PSFs were then subtracted from the corresponding object frames. For the 18 J band object frames, 14 frames had PSFs that did not match well with the reference star PSF and were rejected. We combined all the PSF subtracted frames of each band to produce the final image. The calibrated images are available on request.
The J , H , and K band coronagraphic images of T Tau multiple system obtained in 2002 are presented in figure 1 together with an HST optical image (Stapelfeldt et al. 1988 ). The total integration times for the 2002 November images were 40 s, 480 s, and 480 s for the J , H , and K bands, respectively, after frames with poor AO correction were rejected. The total integration time for the 2004 November K image was 140 s after frames with poor AO correction were rejected. The final images had a flux uncertainty of up to 20% because of the differences in size and shape of PSF between the object and reference stars. The PSFs of the final images have sizes of 0. 1, 0. 08, and 0. 07 (FWHM) for the J , H , and K bands, respectively. The Strehl ratios are ∼ 0.02, 0.09, and 0.18 for the J , H , and K bands, respectively. • ± 1 • measured on 2002 December 24 (Furlan et al. 2003) . Figure 3 shows the positions of T Tau Sb with respect to T Tau Sa at various observing epochs, confirming that our astrometry is consistent with those of the previous highresolution near-infrared observations. The position of T Tau Sb is, however, inconsistent with the track of the southern compact radio component T Tau Sc. Our observations, including the 2004 data, support the conclusion of Furlan et al. (2003) that T Tau Sb is in a bound orbit around T Tau Sa and that it is not the radio source.
Results and Discussion

Orbital Motion within the Multiple System T Tauri
Time Variability in T Tau S (Sa and Sb)
We performed point spread function fitting using reference star images, examined the flux of T Tau Sa and Sb individually for each frame observed on 2002 November 20, and averaged the measurements for all the frames to obtain the flux. The error is the standard deviation of the flux fluctuation in all the frames we obtained during our observations. In the K band, the derived flux of T Tau Sa, Sb, and the combined T Tau S binary system (Sa + Sb) on 2002 November 20 were 8.79 ± 0.10 mag, 8.55 ± 0.10 mag, and 7.91 ± 0.10 mag, respectively. In the H band, we detected only one component of T Tau S. As the separation and position angle of the companion at H are same as T Tau Sb at K, we identified the companion at H as T Tau Sb. T Tau Sa was not detected in the H band, and its detection limit was examined as H > 11 mag [∆H (Sb − Sa) < −1.2]. Furthermore, the H − K color of T Tau Sa was constrained (H − K > 2.2). We then examined the flux of T Tau Sb in the H band (H = 9.8). We also derived the H − K color of T Tau Sb as (H − K = 1.3 mag). The redder color of T Tau Sa compared to T Tau Sb suggests that it is more deeply embedded.
Because neither a photometric standard star nor PSF reference stars were observed on 2004 November 23, we derived the fluxes of T Tau Sa and T Tau Sb with respect to T Tau N, which we assumed to have the same flux as it did on 2002 December 24 (Furlan et al. 2003) . The K band flux of T Tau N did not show more than 0.2 mag of variation during the 8 yr of monitoring by Beck et al. (2004) , so this assumption is plausible. The K band fluxes of T Tau Sa, Sb, and the combined T Tau S binary system (Sa + Sb) were (2000), Köhler, Kasper, and Herbst (2000) , Duchêne, Ghez, and McCabe (2002) , Loinard, Rodríguez, and Rodríguez (2003) , Furlan et al. (2003) , Beck et al. (2004) , Duchêne et al. (2005) , and this work. The dashed lines connect the data points of the same epoch between the K light curve and H − K color. The presented data are from this work, Dyck, Simon, and Zuckerman (1982) , Beckwith et al. (1984) , Maihara and Kataza (1991) , Ghez et al. (1991) , Tessier, Bouvier, and Lacombe (1994) , Kobayashi et al. (1994) , Simon et al. (1996) , Roddier et al. (2000) , Herbst, Robberto, and Beckwith (1997) , White and Ghez (2001) , Koresko (2000) , Kasper et al. (2002) of T Tau S and accordingly the strong historic variability, as shown in figure 5(a) . The cause of the flux variation of T Tau S, presumably dominated by T Tau Sa, has been considered since the rapid increase of 2 mag in 1989 was detected by Ghez et al. (1991) , who suggested that the flare may have been caused by an increase in accretion because the spectral energy distributions both before and after the flare are fit by an accretion disk model similar to those that explain FU Ori outbursts (Hartmann, Kenyon 1985) . Beck et al. (2004) compiled the K and L flux measurements of T Tau S, and found that the K − L color is correlated with the K band flux in a manner consistent with the interstellar extinction law, suggesting that obscuration is a dominant cause of the flux variation, although other processes also play a role.
Recent high-resolution near-infrared spectroscopy has detected the CO absorption lines from warm (∼ 390 K) and dynamically stable (∆V < 4 km s −1 ) gas exclusively toward T Tau Sa (Duchêne et al. 2005) . This result strongly supports the presence of a few AU size edge-on disk, which would be asymmetric and responsible for the observed time variation of T Tau Sa. It nonetheless seems inappropriate to attribute all of the time variability to a time variable absorber, because not all of the changes are consistent with a simple reddening law. For example, the flare observed by Ghez et al. (1991) did not show any color variation in the near-to mid-infrared wavelengths. Also, the H − K color appeared redder from 2.0 mag to 2.9 mag, while the K band magnitude had become brighter from 7.0 mag to 6.2 from 1998 November to 1999 November (Roddier et al. 2000) . Moreover, during one event the H − K color became bluer when the K-band flux decreased. The H − K color was (1.9 ± 0.3) mag with a K flux of 7.9 mag on 2002 November 20, while it was (2.5 ± 0.1) mag with a K flux of 6.7 mag on 2000 November 19 (Duchêne et al. 2002) . A change in the accretion rate may be the dominant cause for such events, as suggested by the strong correlation between the Brγ emission and the near-infrared flux.
Nebulosity
Details of the faint near-infrared nebulosity have for the first time emerged at subarcsec resolutions, thanks to coronagraphic observations. The arc-like ridge extending to the north and to the southwest through T Tau N in the near-infrared images is consistent with that in the optical one (figure 1), supporting the interpretation that the arc is part of the cavity wall seen relatively pole-on (Momose et al. 1996; Stapelfeldt et al. 1988) . The northern ridge is 4 long and the southwestern ridge is ∼ 2. 5 long.
Besides the arc, the near-infrared images show significant halo emission around T Tau N, even after its PSF has been subtracted, while no halo emission around T Tau N is seen in the optical image. Figure 6 shows the JHK color-composite image. The nebula appears to become more circular and more diffuse with increasing wavelengths. At longer wavelengths, we are seeing more diffuse and much redder region in contrast with the image at shorter wavelengths. The color-composite image indicates that T Tau nebula consists of two different structures, which are redder halo emission and a bluer arclike ridge. The halo emission was detected within ∼ 2. 5 from T Tau N, slightly elongated along the PA = 45
• . This length scale is much larger than that of the submillimeter disk emission (FWHM ∼ 0. 4), which was detected toward T Tau N, but not toward T Tau S (Hogerheijde et al. 1997; Akeson et al. 1998) . It is, however, comparable to the size of the HCO + emission (∼ 2 ) surrounding both T Tau N and S (Hogerheijde et al. 1997 ) and that of the envelope (FWHM ∼ several arcsec) detected in the submillimeter thermal emission (Weintraub et al. 1999) . It is thus natural to suggest that the halo emission is the near-infrared light scattered by the common envelope surrounding the T Tauri multiple system, rather than by disk around T Tau N or around the multiple system.
Summary
We have conducted JHK band adaptive optics coronagraphic observations of the enigmatic T Tau multiple system. The main conclusions are as follows:
1. The infrared companion close pair T Tau Sa and Sb is resolved in the K band. The curvature and orientation of the path of T Tau Sb probably indicate that it is bound to T Tau Sa, as has been inferred by Furlan et al. (2003) . 2. The flux of T Tau S at the time of our observations (2002 November 23) obviously decreased in the K band by about 1.7 Jy from its maximum value, which was observed in 2001 (Beck et al. 2004) . This is probably caused by both a variation in the accretion rate and variable extinction. This can be scattered near-infrared light off the common envelope surrounding the T Tauri multiple system.
